treatments, but the time of this transition differed between breeds. These observations suggest that genetic differences in timing of the breeding season in Galway and Finn ewes do not reflect differences in the extent to which photoperiod drives the reproductive transitions, because neither breed requires shortening days to enter the breeding season or lengthening days to end it at appropriate times. These findings are consistent with the hypothesis that photoperiod synchronizes an endogenous rhythm of reproductive activity in both breeds and that genetic differences in timing of the breeding season reflect differences in photoperiodic synchronization of this rhythm.
Introduction
The timing of the onset and cessation of the breeding season in ewes is influenced by many factors, including photoperiod, social interactions and breed (Hafez, 1952; Wheeler & Land, 1977; Oldham et al, 1978 Oldham et al, /1979 Quirke et al, 1986; Wayne et al, 1989) . There is strong evidence that the seasonal *Correspondence and reprint requests.
reproductive transitions in certain breeds of sheep (Suffolk, Dorset Horn, Welsh Mountain) are not initiated by changes in photoperiod experienced at about the time of these reproductive transitions (Worthy & Haresign, 1983; Robinson & Karsch, 1984; Robinson et al, 1985; Worthy et al, 1985) .
The breeding season appears to begin in late summer to autumn as a result of an endogenous rhythm that is synchronized by photoperiodic cues experienced before the summer solstice. The end of reproductive activity in winter also appears to be generated by the endogenous rhythm, timed in this case by photoperiodic cues experienced before the previous autumnal equinox (Malpaux et al, 1988; Wayne et al, 1990; Woodfill et al, 1990) .
Given the evidence that the seasonal reproductive transitions, at least in some breeds of sheep, result from the expression of an endogenous rhythm, it is interesting that there are marked differ¬ ences among breeds in timing of reproductive transitions. Some breeds (Dorset Horn) begin their reproductive season soon after the summer solstice (Hafez, 1952) . Others (Galway, Suffolk) begin at about the autumnal equinox (Hafez, 1952; Quirke & Hanrahan, 1985; Hanrahan, 1986a; Quirke et al, 1986) . Still others (Finnish Landrace (Finn), Soay) delay onset of breeding until well after the autumnal equinox (Grubb & Jewell, 1973; Wheeler & Land, 1977; Hanrahan, 1986b Hanrahan, , 1990 . The end of the breeding season varies from soon after the winter solstice (Suffolk ewes; Robinson & Karsch, 1988) , to near the vernal equinox (Galway ewes; Quirke et al, 1986) , to near the summer solstice (Finn ewes; Wheeler & Land, 1977; Hanrahan, 1990) .
These observations prompt a number of questions related to the cause of variation among breeds in the timing of reproductive transitions. Is the variation due to genetic differences in response to the same photoperiodic signal? Is this variation due to differences in the endogenous rhythm, the degree to which it is influenced by photoperiod, or the phase relationship between the photoperiodic cycle and the rhythm in its synchronized state? Is the variation due to differences in the extent to which the endogenous rhythm is used to generate the reproductive transitions?
To begin to address these questions, we examined the extent to which photoperiod synchronizes an endogenous reproductive rhythm as opposed to exerting a driving force to induce the repro¬ ductive transitions. We used Galway and Finnish Landrace ewes as genetic models, breeds in which the reproductive seasons are offset by [6] [7] [8] (Robinson & Karsch, 1984; Karsch et ai, 1989 (Robinson & Karsch, 1984; Robinson et ai, 1985) . In this model, ewes were moved indoors at a solstice and main¬ tained at the photoperiod ofthat solstice (summer-or winter-solstice hold). The Ronayne & Hynes (1990) . Interassay coefficient of variation (CV) for three serum pools containing 0-2, 2T and 4-7 ng ml-1 averaged 11-6, 20 and 3-5%, respectively. Intra-assay CV for the same serum pools were 8-4, 1-4 and 3-7%, respectively. The sensitivity of the assay (minimum level different from zero) was 005 ng ml" '.
Concentrations of LH were determined in duplicate aliquots µ ) of unextracted serum using the radio¬ immunoassay of Niswender et at (1968, 1969) , as modified by Hauger el ai (1977) . Values are expressed in terms of NIAMDD-oLH-24. Interassay CV for three serum pools containing 0-4, 10 and 2-3 ng ml"
' was 12-3, 4-8 and 5-2%, respectively. Intra-assay CV for the same serum pools was 10-8, 3-5 and 3-2%, respectively. Sensitivity of the assay was 0-2ngml"1.
Data analysis
Onset of reproductive activity in ovary-intact ewes was defined as the date of the first progesterone value >0-5 ng ml"1 in a series of two or more consecutive samples > 0-5 ngml" ', or one sample > 10 ngml"1. End of reproductive activity was defined as the date of the last progesterone value >0-5ng ml"1 in a series of two or more samples >0-5 ngml"1, or the last sample > 1-Ong ml"1, followed by four or more consecutive samples <0-5 ng ml"1. The profiles of circulating progesterone typically observed and times of reproductive transitions for Galway ewes exposed to simulated natural photoperiod in Expt 2 are illustrated (Fig. la) . In ovariectomized ewes treated with oestradiol (Expt 4), serum LH values > 1 0 ng ml~* were taken as indicating the neuroendocrine breeding season, as described by Robinson & Karsch (1984) . The date when LH fell to values consistently <10ng ml"1 was considered the onset of the neuroendocrine anoestrous season. The profiles of circulating LH typically observed in our study and the time of transition to anoestrus for Galway ewes exposed to simulated natural photoperiod in Expt 4 are illustrated in Fig. lb .
Dates of transfer from one reproductive state to the next were analysed using Kruskal-Wallis and Mann-Whitney non-parametric U tests (Siegel, 1956 hold photoperiod (3 September + 6 days; Fig. 2b ). The end of the breeding season, however, dif¬ fered between groups, being later in ewes exposed to the simulated natural photoperiod than in those exposed to the summer-solstice hold photoperiod (16 February + 9 days versus 19 December ± 6 days; < 0001). Thus, the period of reproductive activity in Galway ewes exposed to summer-solstice hold photoperiod was shorter than that of ewes maintained on the simulated natural photoperiod (Table 2; < 001).
There was a breed difference in timing of the reproductive season of ewes maintained on simu¬ lated natural photoperiod in Expts 1 and 2. In Finn ewes, the onset of oestrous cycles was 6-7 weeks later (P < 0001) and the end of cyclicity was 5-6 weeks later (P < 005) than in Galway ewes (Fig. 2a, b Fig. 1 ). The end of the neuroendocrine breeding season (fall in LH) was not different in ewes maintained on the simulated natural and winter-solstice hold photoperiods ( Fig. 3b ; 24 January + 6 days versus 16 January + 7 days, respectively; > 005).
Approximately 3 months after LH had fallen to baseline, the group of Galway ewes maintained on the winter-solstice photoperiod was subdivided, such that five ewes remained on that photo¬ period and seven ewes were exposed to a summer-solstice photoperiod for 35 days beginning in April (see Methods) . This exposure to long days had a profound effect in that LH increased markedly in all ewes in late summer (5 September ± 6 days; Fig. 4 ). In contrast, LH in ewes held on the winter-solstice photoperiod either increased later (two of the five ewes, 30 November, 8 January) or did not increase at all (three of five ewes) before the experiment was terminated in January, 405 days after onset of this photoperiod on the previous winter solstice (Fig. 4) . 
Discussion
The current findings demonstrate that decreasing photoperiod from the summer solstice is not required to initiate the breeding season in either Galway or Finnish Landrace ewes. Further, the increasing photoperiod after the winter solstice is not required to signal the termination of the breeding season in either of these breeds. These conclusions are in agreement with those of similar studies performed on three other breeds including the Suffolk, Dorset Horn and Welsh Mountain (Worthy & Haresign, 1983; Robinson & Karsch, 1984; Robinson et al, 1985; Worthy et al, 1985) . Thus, in each of the five breeds of sheep in which this type of study has been performed, there is no evidence that shortening days are required to initiate the breeding season, nor are lengthening days required to end it. This conclusion is consistent with the concept that both onset and end of the breeding season in this species are the consequence of an endogenous rhythm that is synchronized by the annual cycle of changing daylength (Robinson et al, 1985; Malpaux et al, 1988 Malpaux et al, , 1989 Robinson & Karsch, 1988; Karsch et al, 1989; WoodfiU et al, 1991 Apart from genetic differences in photoperiodic synchronization of the reproductive rhythm, there may be differences among breeds in the role played by other environmental factors in timing the reproductive transitions. In the present experiments, the duration of reproductive activity in Galway ewes maintained on simulated natural photoperiod was similar to that observed outdoors. The average duration of reproductive activity in Finn ewes on simulated natural photoperiod (154 days) was, however, considerably shorter than that reported in natural photoperiod (224 days). In recent studies, evidence has been presented that social cues derived from other sheep contribute to sustaining the breeding season for its full duration (Sunderland et al, 1990 
